A systematic experimental study of the main challenges for silicon-pixel sensors at the European XFEL is presented. The high instantaneous density of X-rays and the high repetition rate of the XFEL pulses result in signal distortions due to the plasma effect and in severe radiation damage. The main parameters of X-ray-radiation damage have been determined and their impact on p + n sensors investigated. These studies form the basis of the optimized design of a pixel-sensor for experimentation at the European XFEL.
Introduction
The high instantaneous intensity and the high repetition rate of 4.5 MHz of the European X-Ray Free-Electron Laser (XFEL) [1, 2] pose new challenges for imaging detectors. The specific requirements for the detectors include a dynamic range of 0, 1 to more than 10 4 photons of typically 12.4 keV per pixel for an XFEL pulse duration of less than 100 fs, and a radiation tolerance for doses up to 1 GGy for 3 years of operation [3] . In addition, the sensors should have good detection efficiencies for X-rays with energies between 3 and 20 keV, and minimal inactive regions at their edges. Within the AGIPD Collaboration [4, 5, 6 ] the Hamburg group has studied the consequences of these requirements for p + n-silicon sensors and an optimized design for the AGIPD sensor been presented.
High instantaneous X-ray intensities cause the so-called plasma effect [7, 8] , which results in a significant change of the signal shape and of the spatial distribution of the collected charges, compared to single-photon detection. The plasma effect has been studied using a p + n strip sensor read out by a multi-TCT system (Transient Current Technique) [9] for charge carriers generated by sub-nanosecond focused light with absorption lengths between 3.5 µm and 1 mm (660 to 1060 nm wavelengths). Results on the pulse shape and point-spread function as function of charge-carrier density, and their impact on the choice of the resistivity of the silicon and the operating voltage will be presented.
The high X-ray dose results in an increase of the oxide-charge density and in the formation of traps at the Si-SiO 2 interface. Detailed C/G-V and TDRC (Thermal Dielectric Relaxation Current) measurements on MOS capacitors from different vendors can be described by 3 dominant interface traps. Their locations in the silicon-band gap, and their capture cross sections and densities as function of X-ray dose [10, 11] have been determined. I-V measurements on GateControlled Diodes were performed to determine the surface-current density at the depleted Si-SiO 2 interface. In addition, the annealing behavior [12] has been measured and described by models. The X-ray-radiation damage has a major impact on the dark current, and the charge densities, and the electric fields in the vicinity of the Si-SiO 2 interface and p + implants. They in turn, influence sensor properties, like breakdown and depletion voltage, inter-electrode capacitances and charge-collection efficiency. The latter have been studied on sensors before and after irradiation to 1 MGy (SiO 2 ) with 12 keV X-rays using I-V and C-V measurements, and the multi-channel TCT using focused light of 3.5 µm absorption length (660 nm wavelength) from a sub-nanosecond laser [13] . From these measurements the charge collection efficiencies and the extension of the accumulation layers at the Si-SiO 2 interface as function of dose, biasing history and ambient humidity have been determined. The experimental findings are explained with the help of detailed TCAD simulations [13] .
Finally, with the help of extensive TCAD simulations which use the results of above measurements, the AGIPD sensor (512 × 128 p + pixels of 200 µm × 200 µm on 500 µm thick n-type silicon) has been designed for operation at radiation doses between 0 and 1 GGy [14, 15] .
Plasma effect
The plasma effect in solid state sensors, which is well known from the measurements of ions and nuclear fragments, occurs when the density of electron-hole (eh) pairs produced by the radiation is large, typically of the order or larger than the doping of the crystal. For 10 5 photons of 12.4 keV in a pixel of (200 µm) 2 the density of eh pairs is a few times 10 13 cm −3 , compared to the typical doping of 10 12 cm −3 . On a time scale of picoseconds after their generation, holes and electrons move in opposite directions in the electric field and form a neutral eh plasma with a field-free region in the plasma, surrounded by high-field regions. The plasma erodes by ambipolar diffusion, resulting in a delayed charge collection and a spreading of the charges by diffusion and electrostatic repulsion. For a simulation, including a movie accessible from the on-line version, we refer to [16] . For the experimental studies [8, 9] focussed sub-ns laser light of different wavelengths was used to create eh pairs in a silicon-strip sensor with 80 µm pitch and the transients on the strips were measured using fast amplifiers and a 2.5 GHz scope. The wavelengths of the lasers were 660 and 1015 nm. The corresponding absorption lengths in silicon are 3.5 and 250 µm, simulating X-rays of 1 and 12.4 keV, respectively.
The left side of figure 1 shows the current transients for a 450 µm thick sensor for different applied voltages. The eh pairs produced by the 660 nm laser corresponded to 3.2 × 10 5 photons of 1 keV focussed to an rms value of 3 µm. It is observed that the charge collection time is a strong function of applied voltage. At 200 V, well above the depletion voltage of 155 V, it extends to about 0.5 µs, which is longer than the 220 ns time interval between XFEL pulses. The right side of figure 1 shows for the same sensor as function of the focussing of the laser light the current transients at a voltage of 500 V for the situation of 1.5 × 10 5 photons of 12 keV. We conclude that the plasma effect is relevant for the operation of silicon sensors at the XFEL, and that operating voltages of about 500 V are required for 450 µm thick sensors to assure a complete charge collection in-between XFEL pulses.
By scanning the laser spot over the sensor and measuring the integrated charge on the individual read-out strips the point-spread function as function of the X-ray intensity and operating voltage has been determined. The results are shown in figure 2. A strong dependence on intensity is observed. For a voltage of 200 V the rms width of the point-spread function increases from about 20 µm for 930 to about 120 µm for 1.7 × 10 5 X-ray photons. The corresponding values for 500 V are 20 µm and 80 µm. As for a number of experiments at the XFEL the precise measurement of the shape of high-intensity diffraction peaks is important, we conclude that an operation voltage well above 500 V should be possible for AGIPD. Thus in the sensor design an effort was made to reach a breakdown voltage approaching 1000 V.
Radiation damage parameters
At the European XFEL radiation doses up to 1 GGy (SiO 2 ) from X-rays, highly non-uniformly distributed over the sensor, are expected. For such high doses no experience exists for high-ohmic structures like thick silicon sensors. Therefore we have undertaken the following program:
• Irradiate test structures from different vendors and with different crystal orientations to extract microscopic and macroscopic parameters due to X-ray-radiation damage.
• Irradiate sensors, measure their performance and use detailed TCAD simulations to understand the observations.
• Optimize the sensor design with TCAD simulations using the parameters obtained from the irradiated and non-irradiated test structures.
• Discuss the conclusions and the design with vendors, order sensors and verify their performance.
The effects of X-ray-radiation damage are discussed in detail in [17] . Here we only give a very short summary: In SiO 2 X-rays produce on average one eh pair every 18 eV of deposited energy. A fraction of the eh pairs, which strongly depends on ionization density and electric field, will recombine. The remaining free charge carriers will move in the SiO 2 by diffusion and, if an electric field is present, by drift. The mobility of electrons of about 20 cm 2 /(V·s) is much higher than the one for holes, which is less than 10 −5 cm 2 /(V·s). Therefore, most of the electrons leave the SiO 2 , whereas holes get trapped in the SiO 2 , mainly in a layer of a few nm depth close to the Si-SiO 2 interface, or form interface traps at the Si-SiO 2 interface. We denote the density of oxide charges by N ox , and the density of interface traps as function of their energy E relative to the conduction band by D it (E) with units 1/(eV·cm 2 ). The build-up of positive oxide charges and interface traps causes following effects in segmented p + n sensors: An accumulation layer forms at the Si-SiO 2 interface which can cause high-field regions close to the p + n junction resulting in a reduced breakdown voltage, an increase in the depletion voltage, charge losses close to the interface and an increased inter-pixel capacitance. The interface traps close to the middle of the silicon-band gap act as generation centers for surface currents, if they are exposed to an electric field.
Test structures from 4 different vendors, Canberra [18] , CiS [19] , Hamamatsu [20] , and Sintef [21] , were used for determining the parameters of X-ray-radiation damage. The test structures were fabricated on n-type silicon with crystal orientations 111 and 100 , SiO 2 thicknesses between 250 and 750 nm, and with and without additional Si 3 N 4 layers on top of the SiO 2 . The MOS capacitors (MOS-C) for Canberra, CiS, and Hamamatsu were circular, with a diameter of 1.5 mm. The Sintef MOS-C was a rectangle of 1 mm × 3.5 mm. The Gate-Controlled Diodes (GCD) of CiS and Hamamatsu were circular with 1 mm diameter and 5 Al-gate rings of 50 µm width on top of the insulator, each separated by 5 µm. The GCD of Sintef was circular with a cental diode of 400 µm diameter surrounded by a 210 µm wide gate. The Canberra GCD was a finger structure with 100 µm wide gates and 100 µm wide diodes.
The irradiations have been performed in the "white" X-ray beam F4 at DORIS III [22] with a mean energy of ∼ 12 keV and dose rates between 1 and 200 kGy/s.
For determining the interface-trap density D it (E) we have used the Thermal Dielectric Relaxation Current technique, TDRC [11] : The MOS-C was brought in the state of electron accumulation (0 V bias), and cooled down to a temperature 10 K to freeze the electrons in the interface traps. Then the MOS-C was biased to deep depletion, heated up with a constant heating rate β = 0.183 K/s to 290 K, and the current I T DRC (T ) due to the release of the trapped electrons was measured. As the temperature T is directly related to the distance of the Fermi level from the conduction band, the interface-trap densities D it (E) can be directly extracted from I T DRC (T ). Figure 3 left shows the results for a MOS-C produced by CiS [19] (insulator thickness 350 nm SiO 2 plus 50 nm Si 3 N 4 , crystal orientation 100 ) irradiated to 5 MGy after annealing for 10 minutes at 80
• C. As shown in the figure, we used 3 Gaussians to parameterize D it (E). We note, that the method as used is only sensitive to electron traps with energies between the conduction band • C 10min@80
• C 10min@80
• C Dose dependence of surface-current density and ∼ 0.6 eV below the conduction band, as the currents from the depletion region dominates for temperatures above ∼ 250 K. An annealing for 10 minutes at 80
• C was required to obtain consistent results. As discussed below, the reason is the short annealing-time constant already at room temperature of some of the interface traps. In addition, the description with 3 states is certainly not unique.
In order to determine the oxide-charge density N ox , but also to verify that the description of the interface-trap density D it (E) is valid, C/G-V measurements on the MOS-C were made. Figure 3 right shows an example of such a measurement for frequencies between 1 and 100 kHz. The oxide capacitance C ox calculated from the insulator thickness and the MOS-C area is 160 pF, the capacitance expected in inversion C inv ∼ 10 pF, and the flat-band capacitance C f lat ∼ 31 pF. The measurements show a strong frequency dependence of both C-V and G-V curves due to the presence of interface traps. The frequency below which the interface traps contribute to the capacitance depends on their energy in the Si-band gap, their cross sections for charge carriers and the band bending at the Si-SiO 2 interface. Following [25] an R-C model has been developed to describe the frequency dependence of the C-V and G-V curves [11] . The oxide-charge density N ox only shifts the curves along the V axis, and N ox has been determined by shifting the C/G curves obtained from the model using the measured TDRC spectra, until the data are approximately described. The results, shown as solid lines in figure 3 right, demonstrate that a fair description of the measurements has been achieved. The analysis described above has been performed for the different MOS capacitors irradiated to different X-ray doses, and the results are shown in figure 4 left. It is observed that, in spite of the different technologies, oxide thicknesses and crystal orientations, the trends of N ox as function of X-ray dose are similar: N ox increases up to dose values of 10 to 100 MGy and then saturates, with saturation values between 2 and 4 × 10 12 cm −2 . For determining the surface-current density, I-V measurements on Gate-Controlled Diodes (GCD) [26, 27, 28] were made. The diodes were biased to -12 V and the diode current as function of voltage on the first gate measured. The surface current I surf is obtained from the difference of the current when the gate is in depletion and when it is in accumulation [11] , and the surface current density J surf by dividing I surf by the gate area, thus ignoring gate-length effects [23, 24] . Such effects are presently under study. They indicate that for the longer gates (Canberra and Sintef) the surface-current densities may be underestimated by 25 to 50 %. The results for J surf are shown in figure 4 right. As for N ox , the general trend for all samples is similar: An increase up to X-ray doses of 1 to 10 MGy, then however a decrease up to 1 GGy, the highest dose measured. The maxima of J surf are between 3 and 6 µA/cm 2 . The reason for the decrease it not yet understood, but it may well be related to gate-length dependent effects. We have also observed a similar dose dependence of the dark current for irradiated micro-strip sensors. The results presented so far, have been obtained from test structures which were not biased during irradiation. In order to investigate the impact of the applied bias voltage, we have also irradiated MOS capacitors and gate-controlled diodes from CiS [19] (350 nm SiO 2 , 50 nm Si 3 N 4 , crystal orientation 100 ) to 100 kGy and 100 MGy with voltages between -25 and +25 V applied during irradiation. The results for N ox and J surf are shown in figure 5 . For negative voltages, where the electric field points from the silicon to the Al gate, N ox and J surf are approximately independent of voltage. For positive voltages however, there is a significant increase. This observation agrees with expectations, as the positive field drives the holes towards the Si-SiO 2 interface. We note that in a p + n sensor the situation corresponds to a negative voltage, and thus no significant increase with respect to the zero-field situation is expected.
Finally, the annealing of N ox and of J surf has been studied for the CiS structures described above at 60 and 80
• C. The results for test structures irradiated to 5 MGy are shown in figure 6 . A fit of an exponential function to the measured time dependence, which assumes a constant annealing probability, does not describe the data. However, good descriptions were obtained by N 0 ·(1+t/t 0 ) n with t 0 (T ) = t * 0 ·exp(∆E/(k B ·T )) with the free parameters N 0 , n, t * 0 , and activation energy ∆E. t 0 (T ) is the characteristic time constant at the temperature T , and k B the Boltzmann constant. This time dependence is expected by the "tunnel-anneal model" [29] for N ox , and by the "two-reaction model" [30] for J surf . For the parameters found we refer to [10] . Using these Figure 7 : Influence of the oxide-charge density Nox on the electric field close to the Si-SiO 2 interface. Left: 2D field distribution for Nox = 10 11 cm −2 . Right: 2D field distribution for Nox = 2 × 10 12 cm −2 . Center: Electric field in the silicon 10 nm from the Si-SiO 2 interface for the two values of Nox. models we estimate a time for 50 % annealing at 20
• C of 3 years for N ox , and of 5 days for J surf . We however should warn that the extrapolation from the measurements at 60 and 80
• C to 20
• C results in large uncertainties. Nevertheless, the time constant for J surf is short and explains why annealing was necessary for obtaining consistent results.
To summarize: X-ray irradiation results in an increase of the oxide-charge density and of the density of interface traps, which are responsible for the generation of surface current. For doses in the range between 10 and 100 MGy both oxide-charge density and surface-generation current saturate. The increase of both oxide-charge density and surface-generation current depends on the value and the direction of the electric field during the irradiation. However for p + n sensors the electric field points in the favorable direction resulting in values similar to the situation without applied electric field. For both oxide-charge density and surface-generation current annealing has been observed. Its time dependence cannot be described by an exponential, but by a modified power law.
Impact of radiation damage on segmented p
+ n sensors
The influence of X-ray-radiation damage on segmented p + n sensors has been investigated both experimentally and by TCAD simulations [12, 15] . As a result of the positive charges in the oxide and at the Si-SiO 2 interface, an electron-accumulation layer forms at the interface, or, if already present for the non-irradiated sensor, its width increases [13] . This results in an increase of the depletion voltage for segmented sensors of typically 10 V, which however is of little relevance for the standard operation.
More important is, that the interface traps cause an increase of the dark current by several orders of magnitude. The current is given by the product of the surface-current density J surf and the area of the depleted Si-SiO 2 interface, which depends on the difference of the distance between the p + implants minus the width of the electron-accumulation layer. As the accumulation layer shrinks with increasing bias voltage, the dark current does not saturate when the sensor is depleted, but continues to rise approximately linear with voltage. In order to limit the maximum dark current, the gap between the p + implants should be small, which however results in an increase of the inter-pixel capacitance. For the design of the AGIPD sensor a gap of 20 µm has been chosen.
The most important effect of the electron-accumulation layer is, that a high-field region appears at its edge below the aluminium overhang and/or at the corner of the p + implant. This is demonstrated in figure 7 , where a simulation of the electric field 10 nm below the Si-SiO 2 interface is shown for values of N ox of 10 11 and 2 × 10 12 cm −2 . The corresponding values of the maximal fields are 50 and 450 kV/cm. Thus X-ray damage results in a significant reduction of the breakdown voltage, and, as discussed in [15] the optimization of the guard-ring structure is very different for irradiated and non-irradiated sensors. According to the simulations 15 guard rings are required to reach breakdown voltages approaching 1000 V for X-ray doses in the entire range between 0 and 1 GGy, the thickness of the SiO 2 has to be about 250 nm, and a deep p + implant of about 2 µm is advantageous.
The electron-accumulation layer also influences the lateral extension of the depletion layer at the edge of the sensor: the higher the electron density the smaller the lateral extension. In the design of the AGIPD sensor this has been taken into account by an n + implantation between the outer guard ring and the scribe line.
Charge losses close to the Si-SiO 2 interface
Given the large number of up to 10 5 X-ray photons per XFEL bunch in a single pixel and the short time interval of 220 ns between XFEL pulses, it is important to verify that no charges are stored in low-field regions, which can cause pile-up. This has been studied by the TCT set-up described already in section 2 for the study of the plasma effect. Focussed light with 3.5 µm penetration depth in silicon was used to produce eh pairs close to the Si-SiO 2 interface and the time resolved pulses were recorded. This study has revealed that actually significant charge losses close to the interface occur, however the overall losses for X-ray photons entering the n + side of the sensors are at the per mille level and can be ignored. It could be shown that the charges are lost in the accumulation layer, where they disperse on time scales below 1 ns over a large part of the sensor, and thus do not cause any danger for pile-up. During these studies it has been found that the measurement of charge losses is a tool to investigate the properties of both holeand electron-accumulation layers at the Si-SiO 2 interface and their dependencies on the electric boundary conditions on the sensor surface, which in turn are influenced by the biasing history and the humidity [13, 31] .
Summary
The challenges for p + n silicon-pixels sensors posed by the high intensity and high bunch rate of the European XFEL have been studied experimentally.
The high instantaneous density of X-rays causes the so called plasma effect, which results in longer signals and an increased spread of the collected charge. The effect decreases with increased operating voltage. For a 450 µm thick sensors a voltage above 500 V is recommended. For some applications operating voltages approaching 1000 V appear desirable.
The main challenge is X-ray-radiation damage, which causes an increase in oxide charges and interface traps. It is found that both saturate at densities of a few 10 12 cm −2 . The additional interface traps cause an increase by several orders of magnitude of the surface-generation current at the Si-SiO 2 interface, and positive oxide charges lead to an electron-accumulation at the SiSiO 2 interface. In order to reduce the surface-generation current, the gap between the p + implants should be made small, compatible with the increased readout noise due to the increased inter-pixel capacitance. The main effect of the electron-accumulation layer is the generation of high-field regions at the edge of the p + implant and below the aluminium overhang. This makes the design of a guard-ring structure for voltages approaching 1000 V a major challenge, and the optimized technological and layout parameters are quite different compared to non-irradiated sensors.
Based on the measurements described in this article and on extensive TCAD simulations the pixel sensor for the AGIPD project has been designed and is presently fabricated in industry.
